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The cucumovirus, cucumber mosaic virus (CMV), requires both the 3a movement protein (MP) and the capsid protein (CP)
for cell-to-cell movement. Replacement of the MP of CMV with the MP of the umbravirus, groundnut rosette virus (GRV),
which does not encode a CP, resulted in a hybrid virus, CMV(ORF4), which could move cell to cell in Nicotiana tabacum and
long distance in N. benthamiana. After replacement of the CMV CP in CMV(ORF4) with the gene encoding the green
fluorescent protein (GFP), the hybrid virus, CMV(ORF4.GFP), expressing both the GRV MP and the GFP, could move cell to
cell but not systemically in either Nicotiana species. Immunoelectron microscopic analysis of cells infected by the hybrid
viruses showed different cellular barriers in the vasculature preventing long-distance movement of CMV(ORF4) in N. tabacum
and CMV(ORF4.GFP) in N. benthamiana. Thus the GRV MP, which shows limited sequence similarity to the CMV MP, was able
to support CP-independent cell-to-cell movement of the hybrid virus, but CP was still required for long-distance movement
and entry of particular vascular cells required functions encoded by different proteins. © 1999 Academic Press
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gINTRODUCTION
Plant viruses require one to four viral-encoded pro-
eins to facilitate cell-to-cell (local) or leaf-to-leaf (sys-
emic or long-distance) movement (reviewed by Maule,
991), and movement occurs via several different mech-
nisms (reviewed by Carrington et al., 1996). Even among
iruses that have movement proteins (MPs) showing
equence similarities, there are differences in require-
ents for the number of viral-encoded components
eeded for movement. For example, some viruses, such
s tobacco mosaic virus (TMV), require the capsid pro-
ein (CP) for long-distance but not cell-to-cell movement
Siegel et al., 1962), whereas other viruses, such as
rome mosaic virus (BMV), require CP for cell-to-cell
ovement (Schmitz and Rao, 1996). By contrast, the two
romoviruses BMV and cowpea chlorotic mottle virus
CCMV) differ in their requirement of CP for cell-to-cell
ovement (Rao, 1997), although CCMV still requires the
P for long-distance movement (Schneider et al., 1997).
few RNA viruses, such as hordeiviruses (Petty and
ackson, 1990), tombusviruses (reviewed by Russo et al.,
994), and umbraviruses (Reddy et al., 1985), do not
equire CP for long-distance movement, although in the
bsence of CP, the efficiency of long-distance movement
s sometimes reduced. Thus there appears to be numer-
us subtle interactions between host and viral gene
roducts to facilitate movement within plants, and differ-
1 To whom reprint requests should be addressed. Fax 44-1382-
w62426. E-mail: ppaluk@scri.sari.ac.uk.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
98nt viruses encode different proteins to exploit these
ubtle interactions.
The umbravirus, groundnut rosette virus (GRV), does
ot encode its own CP (Murant et al., 1995; Taliansky et
l., 1996) but nevertheless accumulates and spreads
ery efficiently within infected plants (Reddy et al., 1985).
lthough umbraviruses depend on the assistance of lu-
eovirus for aphid transmission, the presence or absence
f the luteovirus and its CP does not affect systemic
nfection by umbraviruses (Reddy et al., 1985). GRV con-
ains a monopartite, single-stranded RNA genome with
our open reading frames (ORFs) (Taliansky et al., 1996),
wo of which encode proteins involved in virus move-
ent. The 27-kDa ORF3 gene product was able to facil-
tate the long-distance movement of TMV, in place of the
MV CP, in a common host (Ryabov et al., 1999), whereas
he overlapping 28-kDa ORF4 gene product was able to
acilitate limited cell-to-cell movement of potato virus X
PVX), in place of the PVX triple gene block (TGB)-en-
oded MPs (Ryabov et al., 1998). The GRV ORF4 gene
roduct shows limited sequence similarity to the 30-kDa,
a MP of cucumber mosaic virus (CMV) (Taliansky et al.,
996). However, GRV and CMV are taxonomically unre-
ated. CMV contains a tripartite, single-stranded RNA
enome encoding five genes (Palukaitis et al., 1992; Ding
t al., 1994) with the 3a MP and the CP both encoded on
MV RNA 3 (Fig. 1). To gain a better understanding of the
ole of various proteins in virus movement, hybrid viruses
ere generated in which the CMV 3a gene was replaced
y GRV ORF4 in the presence or absence of the CMV CP
ene. These hybrid viruses were used to determine (1)
hether the GRV ORF4 gene product could potentiate
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99CAPSID PROTEIN DEPENDENCY OF CMV MOVEMENThe movement of CMV, (2) to what extent such comple-
entation occurred, (3) whether movement of the hybrid
irus was restricted to common hosts of CMV and GRV,
nd (4) whether GRV ORF4-assisted movement was CMV
P dependent.
RESULTS
RV MP facilitates cell-to-cell movement of CMV
To determine whether the GRV MP could functionally
eplace the CMV MP, a hybrid RNA 3 was constructed,
nd accumulation of CMV containing this hybrid RNA 3
as assessed in protoplasts and whole plants. Specifi-
ally, the construct pF.ORF4 was generated using a full-
ength cDNA clone of Fny-CMV RNA 3 (Fig. 1) in which
he GRV ORF4 replaced the gene encoding the CMV 3a
P. Transcript generated in vitro from pF.ORF4 and coi-
oculated with Fny-CMV RNAs 1 and 2 replicated in
icotiana benthamiana (Fig. 2A, lane 3) and N. tabacum
Fig. 2B, lane 3) protoplasts to give CMV(ORF4). It may be
oted that the ratio between levels of accumulation of
articular RNA species in this case was different from
hat of the corresponding wild-type (WT) Fny-CMV [i.e.,
lthough RNAs 1 and 2 of the hybrid CMV accumulated
o higher levels compared with the WT CMV, the levels of
ccumulation of the hybrid RNA 3 and subgenomic RNA
were significantly lower (Fig. 2, lane 3 versus lane 1)].
his may have been due to poor replication and/or en-
apsidation of the hybrid RNA 3. Despite these differ-
nces, the hybrid virus CMV(ORF4) containing F.ORF4 as
NA 3 (Fig. 1) was able to infect N. benthamiana sys-
FIG. 1. Schematic representation of cDNA constructs of cucumoviral R
Fny209, and pFny309; Rizzo and Palukaitis, 1990) were used for the sy
ynthesis of Fny-CMV RNA 3, in which the gene for the 3a movemen
enerated as a hybrid CMV construct consisting of the 59 half correspo
rotein gene and the 39 half corresponding to LS-CMV RNA 3 containemically, producing symptoms in noninoculated leaves wt the same time as for WT Fny-CMV [7–10 days posti-
oculation (p.i.)], although the symptoms induced by
MV(ORF4) were noticeably milder than those induced
y the WT CMV (data not shown). Northern blot hybrid-
zation analysis, using radiolabeled probe complemen-
ary to the 39-terminal noncoding sequences of CMV
NA 3, revealed the presence of all four CMV RNAs in
taining WT and foreign genes. Unmodified cDNA constructs (pFny109,
of Fny-CMV RNAs 1, 2, and 3, respectively. pF.ORF4 was used for the
in was replaced by GRV ORF4 (F.ORF4 RNA 3). pFL.ORF4.GFP was
o Fny-CMV RNA 3 containing GRV ORF4 in place of the 3a movement
GFP gene inserted in place of the CP gene (FL.ORF4.GFP RNA 3).
FIG. 2. Accumulation of viral RNA in N. benthamiana (A) or N.
abacum (B) protoplasts 48 h after inoculation with transcripts from
lones of WT CMV RNAs and hybrid viral RNAs. Northern blot hybrid-
zation analyses were of total nucleic acids extracted from protoplasts
fter electrophoresis in 1.5% agarose gels, with a probe specific to the
9 noncoding region of each CMV RNA. The inocula were CMV RNAs
plus 2 and transcripts derived from one of the following RNA 3s: (1)
T RNA 3, (2) FL.ORF4.GFP RNA 3, or (3) F.ORF4 RNA 3. Lane 4
ontains the RNAs extracted from mock inoculated protoplasts. Equal
mounts of total extracted RNA were analyzed, and the blots were
utoradiographed for 8 h. The mobilities of CMV RNAs 1, 2, and 3, asNA con
nthesis
t prote
nding tell as the subgenomic RNA 4, are indicated.
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100 RYABOV ET AL.oth inoculated and noninoculated leaves of N.
enthamiana plants infected by CMV(ORF4) (Fig. 3A,
anes 2i and 2n), confirming the ability of CMV(ORF4) to
ove long distance. Other radiolabeled probes specific
o GRV ORF4, CMV CP, or 3a MP genes were used to
onfirm the original hybrid nature of the virus (Fig. 4).
oreover, sequence analysis of the viral progeny of
MV(ORF4) did not detect nucleotide changes in the
RF4 (data not shown). Thus the GRV ORF4 MP is able
o facilitate movement of the hybrid CMV.
In N. tabacum, CMV(ORF4) also moved in inoculated
FIG. 3. Accumulation of viral RNA in N. benthamiana (A) and N.
abacum (B) plants 8 days p.i. with transcripts from full-length clones of
T and hybrid CMV RNAs. RNAs representing the following viruses
ere used for inoculations: (1) Fny-CMV and (2) CMV(ORF4). Northern
lot hybridization analyses were of total nucleic acids extracted from
noculated (i) and noninoculated (n) leaves after electrophoresis in 1.5%
garose gels with a probe specific to the 39 noncoding region of each
MV RNA. Equal amounts of total extracted RNA were analyzed, and
he blots were autoradiographed for 8 h. The electrophoretic mobilities
f CMV RNA 1 to RNA 4 are indicated.
FIG. 4. Characterization of RNA 3 of viral RNAs accumulating in N. b
ith RNAs of (1) Fny-CMV, (2) CMV(ORF4.GFP), or (3) CMV(ORF4), and
NAs extracted from these leaves were analyzed by Northern blot hybr
ere specific to (A) GRV ORF4, (B) the CMV CP gene, and (C) the CMV 3a geneaves (Fig. 3B, lane 2i) but was unable to move long
istance (Fig. 3B, lane 2n), in contrast to either WT CMV
Fig. 3B, lane 1n) or CMV(ORF4) in N. benthamiana (Fig.
A, lane 2n). In the inoculated leaves of N. tabacum,
NAs 3 and 4 of CMV(ORF4) accumulated to much lower
evels than did RNAs 3 and 4 of WT CMV (Fig. 3B, lane 2i
ersus lane 1i), similar to the situation observed previ-
usly in N. tabacum protoplasts (Fig. 2B, lane 3 versus
ane 1).
Immunoelectron microscopy was used to examine the
oundary to long-distance movement of CMV(ORF4) in
. tabacum versus the absence of such a boundary in N.
enthamiana. Similar patterns of immunogold labeling
IGL) were detected in samples collected from the inoc-
lated leaves of N. benthamiana plants infected with WT
MV or CMV(ORF4). Significant IGL was observed in
esophyll and bundle sheath cells surrounding minor
eins, as well as in some cells of phloem tissues, par-
icularly in phloem parenchyma cells (Table 1; Figs. 5B
nd 5C). As both these viruses moved long distance
fficiently in N. benthamiana, we assume that they can
ove from phloem parenchyma cells into and through
he sieve elements. However, IGL was not detected in
ieve elements, probably because of a low concentration
f rapidly moving virus and/or the limited sensitivity of
he detection method used.
Parallel IGL studies were performed on inoculated
eaves of N. tabacum plants infected with WT CMV and
MV(ORF4). In both these cases, CMV CP was readily
etected in mesophyll, bundle sheath, and phloem-asso-
iated phloem parenchyma and companion cells, al-
hough the levels of CP accumulation in phloem cells
ere lower (Table 1; Figs. 5D, 5E, and 5F). However, only
T CMV could move long distance in these plants,
pparently crossing boundaries between phloem paren-
iana plants infected with WT and hybrid CMV. Plants were inoculated
oculated (i) and upper, noninoculated (n) leaves were sampled. Total
n, after electrophoresis in 1.5% agarose gels. The radiolabeled probesentham
the in
idizatio
e. The electrophoretic mobilities of CMV RNAs 3 and 4 are indicated.
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101CAPSID PROTEIN DEPENDENCY OF CMV MOVEMENThyma/companion cells and the sieve elements.
MV(ORF4) appeared to be as capable as WT CMV of
eaching phloem cells in the inoculated leaves of N.
abacum, but in contrast to WT CMV, CMV(ORF4) could
ot move through the vascular system. This indicates
hat the block in the long-distance movement of
MV(ORF4) was associated with a boundary after
hloem parenchyma and companion cells in the move-
ent pathway (i.e., with entry into or exit from the sieve
lements).
Virus particles were isolated and analyzed to deter-
ine whether the difference in long-distance movement
as associated with differences in levels of virus and/or
he composition of viral RNAs encapsidated into virions
y WT CMV versus CMV(ORF4). Electron microscopy
howed that the CMV(ORF4) particles were essentially
imilar and did not differ either in appearance from WT
MV particles or in their behavior in immunoelectron
icroscopy tests (data not shown). However, the yield of
MV(ORF4) particles (20 mg/g of leaf tissue) was con-
iderably lower than that of WT CMV (150 mg/g of leaf
issue). Moreover, extraction and Northern blot hybrid-
zation analysis of RNA from CMV(ORF4) particles iso-
ated from inoculated leaves of N. tabacum plants
howed an RNA profile that was rather different from the
ypical CMV profile (Fig. 6, lane 4 versus lane 2). Al-
hough WT CMV preparations contained predominantly
NAs 3 and 4, the levels of these RNA species in the
ybrid virus preparations were considerably reduced
ompared with the levels of RNAs 1 and 2 (Fig. 6, lane 2
ersus lane 4).
Analysis of virus preparations isolated from N.
enthamiana plants infected with WT CMV and
T
Analysis of the Cell Types in Nicotiana benthamiana and Nic
Inoculum
N. benthamiana
Ma BS PP
MVb,c 111 111 11
(18/18) (12/12) (5/6)
MV(ORF4)c 111 111 11
(15/15) (12/12) (6/6)
MV(ORF4.GFP)d 111 11 6
(21/21) (13/16) (1/8)
a Cell types in minor veins examined for the presence of a virus: M
ompanion cells.
b Data based on transmission electron microscopy immunogold cytoc
ndicating the presence of virus within the specified cell type. The num
ell types in which virus antigens were not detected or were detected
reimmune studies) by immunogold labeling are indicated as 2 and 6
s indicated in brackets.
c Immunolocalization using primary antiserum against CMV particles
d Immunolocalization using primary antiserum against the GFP andMV(ORF4) showed results similar to those above. Lev- Rls of CMV(ORF4) (15 mg/g leaf tissue) were consider-
bly lower than those of WT CMV (200 mg/g leaf tissue).
he proportional content of RNAs 3 and 4 in virus prep-
rations isolated from CMV(ORF4)-infected N. benthami-
na plants compared with RNAs 1 and 2 was even less
han in CMV(ORF4) preparations isolated from N. taba-
um (Fig. 6, lane 4 versus lane 3). Thus extremely poor
ccumulation of virus particles, particularly containing
NAs 3 and 4, did not prevent CMV(ORF4) from long-
istance movement in N. benthamiana but may be one
eason for the lack of long-distance spread in N. taba-
um.
RV MP facilitates cell-to-cell movement of CMV in
he absence of CP, but CP is required for
ong-distance movement
To determine whether the GRV MP could promote the
ell-to-cell movement of CMV in the absence of CMV CP,
he construct pFL.ORF4.GFP was generated, in which the
P and CP genes of a chimeric CMV RNA 3, containing
equences derived from the Fny- and LS-CMV strains, were
eplaced by the genes encoding the GRV MP and the green
luorescent protein (GFP), respectively (Fig. 1). The replica-
ion and movement of in vitro synthesized transcript from
FL.ORF4.GFP in either N. benthamiana or N. tabacum
lants were assessed by coinoculation with Fny-CMV
NAs 1 and 2 to produce CMV(ORF4.GFP). In N. benthami-
na plants, CMV(ORF4.GFP) caused the development of
reen fluorescent foci in inoculated leaves, which were
learly visible under long-wavelength UV light, starting on
he third day p.i. (as in Fig. 7A). This CP-independent cell-
o-cell movement was not due to stabilization of the CMV
tabacum Infected by CMV Expressing WT and Foreign MP
N. tabacum
C M BS PP C
2 111 111 1 1
(0/9) (8/8) (12/12) (5/6) (8/9)
2 111 111 1 1
(0/9) (14/14) (12/12) (6/6) (8/9)
6 2 2 2 2
(1/12) (0/16) (0/12) (0/6) (0/9)
phyll cells; BS, bundle sheath cells; PP, phloem parenchyma cells; C,
l detection. Immunolocalization of virus infection is represented by 1,
1 signs indicates the average relative levels of immunogold labeling.
remely low levels (only marginally above the label detected in control
ctively. The number of cells infected over the number of cells analyzed
old-labeled IgG as the secondary antiserum.
beled IgG as the secondary antiserum.ABLE 1
otiana
, meso
hemica
ber of
at ext
, respe
and g
gold-laNAs by the ORF4 gene product in the absence of the CMV
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102 RYABOV ET AL.P because the CMV RNAs were barely detectable in N.
enthamiana plants (Fig. 4A, lane 2i), N. benthamiana pro-
FIG. 5. Distribution of WT CMV and hybrid viruses in various vascula
he various cell types examined for the presence of virus. The bar, 7.5 mm
B–F) or CMV(ORF4.GFP) (G and H) in the inoculated leaves of either N.
abeling of sections B–H was done using polyclonal antibodies raise
econdary antibody conjugated to 15-nm gold particles. Bars in B–H,
arenchyma; SE, sieve element; X, xylem; XP, xylem parenchyma.oplasts (Fig. 2A, lane 2 versus lane 1), or N. tabacum arotoplasts (Fig. 2B, lane 2 versus lane 1) infected by the
NAs of CMV(ORF4.GFP). These latter observations are in
ypes. (A) A section of a class V vein from N. tabacum used to identify
) Sections of a class V vein from plants infected with either CMV(ORF4)
miana (B, C, G, and H) or N. tabacum (D–F) at 14 days p.i. Immunogold
nst either CMV CP (B–F) or the GFP (G and H) and goat anti-rabbit
. BS, bundle sheath; CC, companion cell; CW, cell wall; PP, phloemr cell t
. (B–H
bentha
d agaigreement with previous reports concerning CMV CP-defi-
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103CAPSID PROTEIN DEPENDENCY OF CMV MOVEMENTient mutants (Suzuki et al., 1991; Boccard and Baulcombe,
993) showing that the absence of CP resulted in consid-
rable reduction of CMV RNA accumulation. This effect
ay be enhanced in the case of RNAs 3 and 4, possibly
ue to reduced efficiency of replication of the hybrid RNA 3.
Even though the levels of CMV(ORF4.GFP) RNA 3
ccumulation were very low in protoplasts, infection by
NAs of this hybrid virus caused the appearance of
ntense green fluorescence in protoplasts, detected us-
ng confocal laser scanning microscopy (data not
hown). Similarly, the extent of cell-to-cell movement of
MV(ORF4.GFP) in inoculated leaves seemed to be very
fficient (Fig. 7A). Because it was not possible to gener-
te WT CMV expressing the GFP gene, it was impossible
o compare the rates of cell-to-cell spread of the
MV(ORF4.GFP) and WT CMV. However, the growth of
he green fluorescent foci formed by CMV(ORF4.GFP)
as similar to the pattern seen after infection by other
lant viruses expressing the GFP gene, such as PVX and
MV (data not shown). Moreover, as was the case with
VX expressing GFP (Ryabov et al., 1998),
MV(ORF4.GFP) accumulated and spread efficiently into
alisade and spongy mesophyll cells underlying infected
reas of epidermal cells. More than 90% of mesophyll
ells were infected by 7 days p.i. (data not shown). Thus
n contrast to the CMV 3a MP, which requires CP for virus
ovement, the MP of GRV acts independently of a CP
ven when trafficking CMV RNA from cell to cell. Never-
heless, despite this efficient cell-to-cell movement,
MV(ORF4.GFP) did not induce green fluorescence in
oninoculated leaves, suggesting the absence of long-
istance movement by the hybrid virus. This suggestion
as confirmed by confocal laser scanning microscopy of
oninoculated leaves, as well as by back inoculation
ests, Northern blot hybridization analysis, and RT-PCR,
sing total RNAs extracted from noninoculated leaves
FIG. 6. RNA composition of WT and hybrid CMV particles isolated
rom N. benthamiana (1 and 3) or N. tabacum (2 and 4). Northern blot
ybridization analyses were of RNA samples isolated from WT CMV
articles (1 and 2) or from CMV(ORF4) particles (3 and 4) with a probe
pecific to the 39-noncoding region of each CMV RNA. One-twentieth of
he samples obtained from 5 g of leaf material was applied for elec-
rophoresis in 1.5% agarose gels. The electrophoretic mobilities of CMV
NAs 1–4 and exposure times for autoradiography are indicated, at the
eft and below the blots, respectively.Fig. 4A, lane 2n, and data not shown). aTo determine the cellular boundary responsible for the
onfinement of CMV(ORF4.GFP) to the inoculated leaves,
issue samples were collected from the inoculated
eaves of N. benthamiana plants 14 days p.i. and were
nalyzed by immunoelectron microscopy. Using antibod-
es against GFP, heavy IGL patterns were detected in
esophyll and bundle sheath cells surrounding minor
eins (Table 1; Figs. 5G and 5H). In contrast, in the
hloem tissues containing phloem parenchyma and
ompanion cells, immunogold label was either absent or
resent at levels that were only marginally above the
evel of label detected in studies using preimmune se-
um (Table 1; Figs. 5G and 5H). These results show
hat the bundle sheath–phloem interface appears
o be a boundary for the systemic movement of
MV(ORF4.GFP). In control experiments with WT CMV
nd using antibodies against the CP, significant levels of
mmunogold label were obtained not only in mesophyll
nd bundle sheath cells but also in some phloem cells,
articularly in the phloem parenchyma cells (Table 1).
N. benthamiana is a permissive host common to CMV
nd GRV. To determine whether the function of the GRV
FIG. 7. The development of fluorescence in a N. benthamiana plant
A) and cells of N. tabacum (B and C) infected with a GFP-expressing
erivatives of CMV. (A) A plant infected with CMV(ORF4.GFP) photo-
raphed under long-wavelength UV light at 5 days p.i., showing fluo-
escent foci in inoculated (In) leaves. (B) Confocal image of a single
pidermal cell infected with CMV(GFP) (4 days p.i.) obtained using
MV containing RNA 3 from pF:GFP/CP (Canto et al., 1997) as a control.
C) Confocal image of a multiple cell infection site of CMV(ORF4.GFP)
t 4 days p.i.
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104 RYABOV ET AL.P require specific adaptations to host plant factors,
MV(ORF4.GFP) was inoculated to N. tabacum L. cv.
amsun and Cucumis sativus L., which are systemic
osts for CMV but cannot be infected with GRV. In inoc-
lated leaves of N. tabacum, this hybrid virus caused the
evelopment of green fluorescent foci visible under both
ong-wavelength UV light (not shown) and the confocal
aser scanning microscope (Fig. 7C), as it did on N.
enthamiana (Fig. 7A). Moreover, in N. tabacum,
MV(ORF4.GFP) spread efficiently into palisade and
pongy mesophyll cells underlying infected areas of epi-
ermal cells but did not move long distance (data not
hown), similar to the situation in N. benthamiana (Fig.
A). Attempts to identify the cellular boundary restricting
nfection of CMV(ORF4.GFP) to the inoculated leaves on
. tabacum were unsuccessful because immunoelectron
icroscopy did not detect any significant immunolabel-
ng using antibodies against GFP, either in phloem pa-
enchyma and companion cells or in mesophyll and
undle sheath cells surrounding minor veins (Table 1).
hus the level of accumulation of GFP, and presumably
he level of accumulation of CMV(ORF4.GFP), was much
ower in N. tabacum than in N. benthamiana.
In contrast to infection in N. benthamiana and N. taba-
um, infection by CMV(ORF4.GFP) in C. sativus was
estricted to single inoculated epidermal cells (data not
hown). These results suggest that the GRV ORF4-en-
oded protein may function as a cell-to-cell MP in to-
acco but not in cucumber plants.
DISCUSSION
The observations reported here have different conse-
uences for our understanding of movement by GRV and
MV. In the case of GRV, these results confirm previous
uggestions that the GRV ORF4-encoded protein is a
RV cell-to-cell MP (Ryabov et al., 1998). This MP can
unction in a host common to CMV and GRV (N.
enthamiana), as well as in another host of CMV, which
s not a host for GRV (tobacco), but not in a second host
or CMV that is not a host for GRV (cucumber). Thus it is
lear that the reason for the resistance of tobacco to GRV
s not due to the failure to move cell to cell. The data also
how that the GRV ORF4-encoded protein may function
n nonvascular tissues of inoculated leaves but cannot
vercome the bundle sheath–phloem interface without
ome other helper function. This function may be pro-
ided by the ORF3 gene product, which has the ability to
upport the long-distance movement of a heterologous
iral RNA (TMV), in the absence of the GRV ORF4 gene
roduct, but together with the TMV MP (Ryabov et al.,
999). Because ORFs 3 and 4 of GRV overlap each other,
imilar to the MP and CP genes of luteoviruses (Talian-
ky et al., 1996), the GRV ORF3-encoded protein may be
ither a primitive “coat protein” that does not form cap-
ids or a degenerate CP, no longer able to form capsids and not needed for cell-to-cell movement in epidermal,
esophyll, or bundle sheath cells but functioning in
oncert with the ORF4-encoded MP to facilitate move-
ent into and through the vasculature.
It is noteworthy that the efficiency of cell-to-cell trans-
ort of CMV RNA by the GRV MP is rather high and
omparable with those of WT viruses like PVX or TMV. In
ontrast to the results presented here with CMV RNA, the
RV MP trafficked RNA of another unrelated virus, PVX
ith a deleted TGB, poorly and only to a limited extent,
nd also only in epidermal and neighboring mesophyll
ells of N. benthamiana (Ryabov et al., 1998). Thus some
roperties of viral RNA itself, such as specific se-
uences, secondary structure, or size, may be important
or trafficking by GRV and perhaps also by other viral
Ps. It also cannot be completely ruled out that levels of
he GRV MP or the timing of expression of GRV ORF4,
rom the hybrid PVX genome described by Ryabov et al.
1998), was not well coordinated with movement events.
owever, this suggestion does not seem very likely be-
ause the GRV MP efficiently facilitated the cell-to-cell
ovement of a PVX RNA that contained the TGB but
acked the PVX CP gene (Ryabov et al., 1998). It is more
ikely that the GRV MP is essential but insufficient for
fficient virus movement and requires additional virus-
ncoded factors as has been suggested earlier for the
MV 30-kDa MP (Taliansky et al., 1992). For CMV, such a
actor may be one of the replication-associated proteins.
ith PVX coding for multiple MPs, one or more of the
GB-encoded proteins might complement functions of
he GRV MP, to allow PVX RNA to move efficiently from
ell to cell.
In the case of CMV, the observations presented here
ndicate that the CMV MP has sequences that enable it
o move cell to cell in a broader range of species than the
RV MP. Moreover, the data indicate that the CMV CP
as a function beyond protection of viral RNAs because
either a high steady-state level of virus accumulation
Fig. 3; Canto and Palukaitis, 1998) nor the formation of
irus particles (Kaplan et al., 1998) is required for CMV
ell-to-cell movement. This CP function is required by the
MV MP for cell-to-cell movement but not for the GRV
P (Fig. 7A).
The ability of the CMV MP to traffic itself and RNA
hrough plasmodesmata in the absence of CP in micro-
njection experiments (Ding et al., 1995) appears in con-
radiction to the data from infectivity experiments. This
ay be explained by either of the two following models
or the role of the CP in CMV movement: (1) the CP may
e needed to inhibit some host response elicited by virus
eplication that prevents movement. This either may not
e induced in microinjected cells or can be overcome by
he massive amount of MP injected. (2) The CP may be
eeded to either directly or indirectly provide some chap-
rone-like function needed for virus movement (through
ctivation of host factors), such as to conformationally
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105CAPSID PROTEIN DEPENDENCY OF CMV MOVEMENThange the MP. Such a function has been proposed for
he cell-to-cell trafficking by the CMV MP (Kragler et al.,
998). Again, the microinjected MP, which has been
ubjected to denaturation and renaturation, may contain
subpopulation with the appropriate conformation
eeded to facilitate movement in the absence of the
unction expressed by the CP. This model would also
xplain why the CMV MP did not function in place of the
MV MP in a BMV–CMV MP hybrid, whereas a variant of
his hybrid, in which a deletion and frameshift in the CMV
a gene resulted in a MP with a deletion of the
-terminal 33 amino acids, did function for movement
Nagano et al., 1997). That is, the BMV CP may not be
ble to facilitate the effects required for the CMV MP to
unction, but a deletion variant of the MP may already
ontain a subpopulation of MP with the conformation
eeded for trafficking. This may also explain why hybrid
iruses, in which the CPs of BMV and CMV were ex-
hanged for each other, were unable to move in common
osts (Osman et al., 1998). Again, this may be due to the
nability of the respective CPs to provide the function
equired for the heterologous MPs. The ability of the GRV
P to facilitate the cell-to-cell movement of
MV(ORF4.GFP) may be because the GRV MP either is
ot affected by some host response that prevents move-
ent, or does not require the chaperone-like activity.
It is interesting that the same barrier for long-distance
ovement of CMV(ORF4.GFP) identified here in N.
enthamiana has been identified in cucumber for a re-
ssorted cucumovirus containing RNAs 1 and 2 of Fny-
MV and RNA 3 of tomato aspermy virus (Thompson and
arcı´a-Arenal, 1998), as well as in a transgenic line of
obacco expressing replicase-mediated resistance to
MV (Wintermantel et al., 1997) and in a line of soybean
howing resistance to CCMV (Goodrick et al., 1991). By
ontrast, CMV(ORF4), a hybrid CMV containing the GRV
P and the CMV CP, was able to cross the bundle
heath–phloem interface and spread long-distance in N.
enthamiana. Thus the CMV CP, possibly in a concert
ith GRV MP, is able to modify interconnections between
undle sheath cells and phloem cells, allowing the long-
istance movement of the hybrid virus in this plant spe-
ies but not in N. tabacum. Experiments with CMV(ORF4)
howed that this hybrid virus was able to enter phloem
arenchyma and companion cells of vascular tissues in
noculated leaves of N. tabacum, demonstrating that the
resence of CP allowed the hybrid virus to pass beyond
he bundle sheath–phloem barrier. However, further
tages of the long-distance movement process did not
ccur. The lack of long-distance spread by CMV(ORF4)
ay be due to the inability to either enter or exit the sieve
lements in N. tabacum. The process of the entering into
ieve elements might involve compatible functional in-
eractions between the viral CP and MP and some hy-
othetical host phloem factors. In that case, it may be
uggested that GRV ORF4 MP is incompatible with the N. fabacum factor, although it can function in N. benthami-
na. As a result, CMV(ORF4) either might stop at the
oundary between phloem parenchyma–companion
ells and the sieve elements or enter into, move through,
ut not exit from the sieve elements. This boundary is
imilar to that described for tobacco etch virus (TEV),
oth for a mutation in the central region of the helper
omponent-proteinase of TEV, which prevented the virus
rom moving long distance, by blocking either entry into
r exit from the sieve elements (Cronin et al., 1995), and
n a line of tobacco resistant to systemic infection by WT
EV (Schaad and Carrington, 1996).
Another reason for the lack of systemic infection may
e related to the fact that CMV most probably moves
hrough sieve elements in the form of virions (Blackman
t al., 1998; Kaplan et al., 1998). The low levels of
MV(ORF4) particle accumulation would not in itself ex-
lain why long-distance movement occurred in N.
enthamiana but not in N. tabacum because transgenic
. tabacum expressing CMV RNA 1 and inoculated with
MV RNAs 2 and 3 were able to support the long-
istance movement of CMV RNAs 2–4, even though the
evels of accumulated virus were 40–230 times less than
hat occurs during infection by WT CMV (Canto and
alukaitis, 1998). However, in the latter case, the ratio of
ccumulating viral RNAs 2–4 was very similar, whereas
n this study, the ratios of RNAs 1 plus 2 to RNAs 3 plus
were quite abnormal, with much lower levels of RNAs
and 4 accumulating. A similar situation was observed
n plants inoculated with CMV containing two RNA 3s:
ne with the MP and the other with the CP replaced by
FP. In that case, cell-to-cell movement occurred but not
ystemic infection, and although the level of total CMV
ccumulation was lower than that for WT CMV in leaves,
he levels of RNAs 3 and 4 were much lower than the
evels of RNAs 1 and 2 (Canto et al., 1997). This obser-
ation is also similar to one made in cowpea plants
esistant to the long-distance movement of CCMV: CCMV
ccumulated in the inoculated leaves of a resistant line
2- to 20-fold less than in a susceptible line, and resis-
ance was manifested in lower levels of encapsidated
NA 3 (Wyatt and Kuhn, 1979), even though long-dis-
ance movement was controlled genetically by se-
uences in CCMV RNA 1 (Wyatt and Kuhn, 1980). Thus
ow levels of virus particles, which contain abnormal
atios of RNAs 1 or 2 to RNA 3, may have an effect on the
bility of the virus to establish a systemic infection, and
ifferent hosts may have different thresholds for this
bnormal ratio.
MATERIALS AND METHODS
lasmids and generation of chimeric cDNA
onstructs and mutants
Plasmids pFny109, pFny209, and pFny309, containing
ull-length cDNA copies of Fny-CMV genomic RNAs 1, 2,
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106 RYABOV ET AL.nd 3, respectively, have been described previously
Rizzo and Palukaitis, 1990) (Fig. 1). The GRV cDNA clone
rmp2 (Taliansky et al., 1996) was used as a template for
CR amplification of GRV ORF4. Plasmids pF:GFP/CP
nd pL:3a/GFP (Canto et al., 1997), containing se-
uences corresponding to modified Fny-CMV RNA 3 and
S-CMV RNA 3, were used for generation of CMV RNA 3
onstructs containing GRV ORF4 and the GFP gene (as
hown in Fig. 1). Standard DNA manipulation techniques
Sambrook et al., 1989) were used for the generation of
hese constructs.
pF.ORF4 (Fig. 1). A cDNA fragment of the 59-terminal
oncoding region of Fny-CMV RNA 3 fused with GRV
RF4 was amplified by overlap extension PCR (Higuchi
t al., 1988) using pFny309 and grmp2 as templates and
lanking oligonucleotides. The latter were (1) 59-AA-
AGCTATGACCATG-39, identical to the region preceding
he SmaI site located in the multiple cloning region of
Fny309 upstream the CMV-specific sequences, as the
orward primer; (2) 59-GGCCACTAGTTACGTCGCTTT-
CG-39, with an SpeI site preceding 14 nucleotides (nt)
omplementary to those of the 39 end of the GRV ORF4,
s the reverse primer; and two (3 and 4) complementary
utagenic oligonucleotides. Primer 3 was 59-GTTAGATT-
CCCGAGGCATGTCTTCGCAAGTGGC-39, with the 59
alf identical to 17 39-terminal nt of the Fny-CMV RNA 3
9 noncoding region and the 39 half identical to the first
7 nt of GRV ORF4. The resulting fragment, digested with
maI and SpeI restriction endonucleases, was used to
eplace the SmaI–SpeI fragment of pF:GFP/CP (Canto et
l., 1997) to give pF.ORF4.
pFL.ORF4.GFP. A cDNA fragment of the plasmid pL:
a/GFP (Canto et al., 1997) containing the intergenic and
9-terminal noncoding sequences of LS-CMV RNA 3 and
he GFP gene inserted between them was amplified from
his plasmid using oligonucleotides 5 (59-GGCCACTAGT-
TTTTGTTACGTTGTAC-39, with an SpeI site preceding
7 nt identical to those of the 59 end of the intergenic
egion of LS-CMV RNA 3) as the forward primer and 6
59-CTAAAACGACGGCCAGT-39, complementary to the
equence located downstream of the SphI site in the
ultiple cloning region of pL:3a/GFP) as the reverse
rimer. The resulting fragment, digested with SpeI
nd SphI restriction endonucleases, was used to re-
lace the SpeI–SphI fragment of pF.ORF4 to generate
FL.ORF4.GFP (Fig. 1).
n vitro transcription and inoculation of plants
nd protoplasts
Viral RNAs were transcribed from full-length cDNA
lones pFny109, pFny209, and pFny309, representing
ny-CMV RNAs 1, 2, and 3, respectively (Rizzo and Palu-
aitis, 1990), as well as from chimeric cDNA clones
enerated in this work. The plasmids were linearized
nd the RNA transcripts were synthesized using T7 RNA polymerase as described previously (Zhang et al., 1994).
ranscript mixtures were concentrated by ethanol pre-
ipitation before use in mechanical inoculations on alu-
inum oxide-dusted leaves of N. tabacum cv. Samsun
N, N. benthamiana, or C. sativus. Mesophyll protoplasts
ere prepared from leaves of N. benthamiana and N.
abacum plants as described by Power and Chapman
1985), and 106 protoplasts were electroporated with RNA
ranscripts, as described by Gal-On et al. (1994). Samples
ere collected for analysis of the viral RNAs after 48 h of
ncubation.
etection of GFP fluorescence in plants
Plants were illuminated with long-wavelength UV light
nd photographed as described previously (Baulcombe
t al., 1995; Oparka et al., 1995). GFP fluorescence in
lant tissues was viewed with a Bio-Rad (Hercules, CA)
RC 1000 confocal laser scanning microscope, using
ethods that were described previously (Baulcombe et
l., 1995; Oparka et al., 1995).
nalysis of RNA and virus particles
Total RNA was isolated from 0.2 g of leaf tissue and
06 protoplasts by the method of Blok et al. (1994). For
orthern blot analysis, one-tenth of each total RNA prep-
ration was denatured with formaldehyde and form-
mide. Electrophoresis was in 1.5% agarose gels, as
utlined by Sambrook et al. (1989). RNA was transferred
o Hybond N membrane by the capillary method with
03 SSC (3 M sodium chloride and 0.3 M sodium citrate,
H 7.0) and immobilized by UV cross-linking. Hybridiza-
ion was done as described by Sambrook et al. (1989)
ith [32P] RNA probes complementary to 39-terminal non-
oding region of each CMV RNA (Gal-On et al., 1994),
ashed and autoradiographed, all as described by Sam-
rook et al. (1989). cDNA probes corresponding to GRV
RF4 (nt 2641–3484 of GRV RNA), the CMV 3a gene (nt
29–960 of Fny-CMV RNA 3), and the CMV CP gene (nt
256–1910 of Fny-CMV RNA 3) were also used. The
robes were labeled with [a-32P]dATP using a random
rimer DNA labeling kit (Boehringer Mannheim, Mann-
eim, Germany).
The standard CMV isolation procedure (Palukaitis et
l., 1992) was used to purify virus particles. RNA was
xtracted from purified virions with phenol–SDS and re-
overed by ethanol precipitation.
issue sampling, fixation, and embedding
N. benthamiana and N. tabacum plants infected with
he various WT and hybrid CMVs were used for immu-
olocalization analysis. Two leaf pieces from each of
hree different leaves were sampled for each virus iso-
ate. With samples on which symptoms were obvious, the
amples included all areas around the lesion; with sam-
les expressing the GFP, the lesions were detected first
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107CAPSID PROTEIN DEPENDENCY OF CMV MOVEMENTnder UV irradiation and then sampled in a similar man-
er.
Pieces of leaf were processed essentially as de-
cribed by Roberts (1994). The individual pieces of leaf
ere vacuum infiltrated in 3–5ml of 5% glutaraldehyde in
iperazine-N,N9-bis(2-ethanesulfonic acid) buffer, pH 8.0
Salema and Brandao, 1973) and allowed to fix for 18–24
at room temperature. After fixation, the samples were
ashed, dehydrated, and embedded in Araldite resin
Ciba-Geigy). Ultrathin sections (silver–gold interference
olors) were cut on a Reichert Ultracut E ultramicrotome
sing tungsten-coated glass knives (Roberts, 1975),
eat-stretched (Roberts, 1970), and mounted on pyroxy-
in-filmed nickel grids (Roberts, 1994).
GL
IGL was optimized and performed as described pre-
iously (Roberts, 1994). Sections were pretreated with
econ 75 before incubation with either CMV-CP anti-
erum (diluted 1:100; Ding et al., 1995) or GFP antibodies
diluted 1:2000; Molecular Probes, Eugene, OR), which
ad been cross-absorbed with matching healthy protein
Fasseas et al., 1989) from N. benthamiana or N. taba-
um, respectively. The sections were then labeled with
oat anti-rabbit IgG/gold (GAR-G, 15 nm; Amersham In-
ernational). After IGL, the sections were post-stained
ith uranyl acetate followed by lead citrate before exam-
nation on a Philips CM 10 electron microscope.
apping of infected leaf cells
Templates of line drawings of the classic class V veins
nd the surrounding cells in transverse sections through
leaf were scored for every vein found in each section
xamined. The lowest score value (2) represents an IGL
evel similar to that found in control sections; the highest
alue (111) represents a dense, uniform distribution of
old throughout the cell cytoplasm of infected cells. The
eproducibility of label density on the same cells in serial
ections was high (Roberts, 1994), indicating an accurate
elative estimate of virus antigen distribution.
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